This study was conducted to identify the allelic interactions and genetic effects involved in genetic control of quantitative traits in Capsicum annuum. Six generations (P 1 , P 2 , F 1 , F 2 , BC 1 and BC 2 ) were used to study the variances, means and allelic interactions of 16 quantitative traits evaluated. The additive part of the phenotypic variance found for plant height, number of peppers per plant, days to flowering and days to fruiting lead to the conclusion that phenotypic selection in the F 2 generation are likely effective in obtaining genetic gains. According to the reduced model, the traits of canopy width, fruit width and number of seeds per fruit were not influenced by epistatic effects, but only by additive and dominant effects, which allows selection of superior individuals in segregating generations or improvement of these traits by means of hybridization.
INTRODUCTION
The genus Capsicum comprises five domesticated species: Capsicum annuum, C. baccatum, C. chinense, C. frutescens and C. pubescens. Capsicum annuum has the greatest economic importance among the species cultivated in Brazil (Pickersgill 1971) . Pepper is one of the most important vegetables in the world due to its high versatility and wide range of application in industry, in cooking and for decoration (Silvar and García-González 2017) .
The Capsicum annuum species is largely sold in pots as an ornamental plant. The cultivation of peppers in pots for ornamentation purposes has increased considerably all over the world. Ornamental peppers can also be used for making canned or dry goods Pereira 2016) .
Early maturity, high-yielding, small-sized cultivars with straight, colorful, attractive peppers are the main goal of a breeding program for ornamentation purposes (Rêgo et al. 2009, Rêgo and Rêgo 2016) . Breeding programs of the Capsicum species can be initiated from hybridization, or developed from the selection of plants within preexisting populations.
The first step in a successful plant breeding program is selection of parents, and one of the criteria for selection of parents in hybrid production is genetic diversity. One of the ways to evaluate the magnitude and nature of the gene effects controlling a certain quantitative trait is through generation analysis, MF Nascimento et al. which allows for simultaneous evaluation of several generations or populations, including parents, hybrids (F 1 ) and segregating populations like the F 2 and those originating from backcrosses (Said 2014 ). This methodology makes it possible to evaluate the adequacy of the additive-dominant model for a certain trait and to estimate genetic parameters based on the measures and variances (Cruz and Regazzi 2001) . Knowledge of the genetic system controlling various complex traits and the mode of their inheritance is crucial for effective transfer of desirable genes in resultant progenies, leading to the development of high-yielding cultivars and hybrids (Cruz and Regazzi 2001 , Rêgo et al. 2009 , Devi and Sood 2018 . Thus, the aim of this study was to estimate the genetic parameters and heritability based on 22 quantitative traits in six generations (P 1 , P 2 , F 1 , F 2 , BC 1 and BC 2 ) of ornamental pepper.
MATERIAL AND METHODS
The present study was conducted in a greenhouse in the Laboratory of Plant Biotechnology of the Center for Agricultural Sciences of the Federal University of Paraíba (Centro de Ciências Agrárias da Universidade Federal de Paraíba -CCA-UFPB), Areia, PB, Brazil. Two accessions (UFPB 01 and UFPB 132) belonging to the germplasm bank of UFPB were used as parents. These accessions were crossed to produce F 1 . The F 1 hybrids were backcrossed with their parents to generate the backcross progenies (BC 1 and BC 2 ) and were self-pollinated to generate the F 2 generation. The six generations (P 1 , P 2 , F 1 , F 2 , BC 1 and BC 2 ) were used to study the variances, means and allelic interactions of the quantitative traits. When the peppers reached the harvesting point, the seeds were removed and counted per pepper fruit. Crosses were performed according to Nascimento et al. (2012a) .
The parents (P 1 and P 2 ), F 1 and segregating generations (F 2 , BC 1 and BC 2 ) were sown in 200-cell Styrofoam trays containing a commercial substrate (Plantmax). When the plants reached the stage of six pairs of definitive leaves, they were transplanted to 900-mL pots (13 cm height and 16 cm width), with one plant per pot. Crop treatments recommended for the species were applied whenever necessary.
Was planted ten replicates of hybrids and parents (72 plants in BC 1 , 75 plants in BC 2 and 147 plants in F 2 were used). Characterization of the 16 morpho-agronomic traits was based on the list of quantitative traits suggested by IPGRI (1995), with three observations per plant.
The following quantitative traits were evaluated: plant height (PH, cm), canopy width (CW, cm), first bifurcation height (FBH, cm), stem width (SW, cm), leaf length (LL, cm), leaf width (LW, cm), corolla length (CL, cm), days to flowering (DF L ), fruit weight (F R W, g), fruit length (F R L, cm), fruit width (F R D, cm), pericarp thickness (PT, cm), dry matter content (DMC), seed yield per fruit (SYF), fruit yield per plant (FYP) and days to fruiting (DF R ). Dimension measurements were taken using a caliper. Weight data were taken on an analytical balance. Quantity values were obtained by counting.
Each one of the 16 quantitative traits listed above was subjected to generation analysis, in which the means, the additive (σ 2 a ), phenotypic (σ 2 f ), genetic (σ 2 g ) and environmental (σ 2 m ) variances and the variance due to dominance deviations (σ 2 d ) were estimated. The broad-sense (h 2 b ) and narrow-sense (h 2 n ) heritability estimates were also calculated. For the full model, the effects of the means of all possible homozygotes (m) and the additive (d), dominant (h) and epistatic effects were estimated: additive × additive (i), additive × dominant (j) and dominant × dominant (l). For the additive-dominant model, the additive (a) and dominant (d) effects and the effects of the mean (m) were estimated.
The following formulas were utilized to obtain these results.
Phenotypic variance in F 2 :
Environmental variances:
Genetic variance in F 2 :
Additive variance:
Variance due to dominance deviations:
Analysis of the means of the generations -full model:
All the effects of the two models were subjected to the t-test of significance at the 5% probability level. All statistical analyses were performed using the GENES software (Cruz 2006) .
RESULTS AND DISCUSSION

Averages of the six generations
The mean values of the F 1 generation were similar to those of the parents for PH, CW, FBH, SW, LL, CL, F R L, PT and DF R (Figure 1 ), indicating the occurrence of additive interaction. According to Marame et al. (2009a) , when the favorable additive alleles are fixed within a locus, genotypes in early maturity generations can be selected. Similar results were found by Geleta and Labuschagne (2004) and Rêgo et al. (2009) , working with Capsicum annuum L. and Capsicum baccatum, respectively, for pericarp thickness. Rodrigues et al. (2012) found similar results for plant height in C. baccatum. Geleta and Labuschagne (2004) found greater predominance of effects of an additive nature on the control of days to fruiting in studies conducted with Capsicum annuum L.
Lower mean values were found in the F 1 generation than in the parents for leaf width (LW) and fruit dry matter content (DMC) (Figure 1 ). These traits showed negative heterosis. Analyzing components of fruit production and fruit quality in a diallel (Capsicum annuum), Nascimento et al. (2014) showed non-additive effects for fruit dry matter content.
The means of F 1 generation were higher than those of the parents for F R D, SYF and FYP (Figure 1 ). These findings indicated the occurrence of positive heterosis or hybrid vigor. The occurrence of heterosis can be explained by the hypothesis of dominance, overdominance or epistasis. Similar results were found by Nascimento et al. (2014) and Santos et al. (2014) in studies with Capsicum annuum for SYF and FYP. In studies with Capsicum baccatum, Rêgo et al. (2009) and Rodrigues et al. (2012) found similar results for F R W.
The F 2 mean was lower than the mean of the parents for LW, DF L and DF R . SYF and FYP had higher mean values in F 2 than in the parents (Figure 1 ). Transgressive individuals were found for all these traits. According to Wesp et al. (2008) , transgressive segregation is the appearance of individuals in segregating generations that are out of the range of parents for each trait evaluated.
The traits of DF L and DF R are a measure of earliness and, as such, they should show minimum values. In the present MF Nascimento et al. study, transgressive segregants were obtained for both traits. Sharma et al. (2017) , in studies with different genotypes of Capsicum annuum, also achieved transgressive. An understanding of genetic diversity among the parents is essential to obtain desirable transgressive segregants since diverse parents leads to high heterosis (Khodadadi et al. 2011 ). According to Rêgo et al. (2009) , it is possible to select the transgressive individuals in the segregating generation and continue with the breeding program until plants with the appropriate height for potting are obtained.
Gene effects and heritability
For PH, DF L , SYF, FYP and DF R , the additive effects were higher than the dominant ones (Table 1) . This result was also proven by the high broad-and narrow-sense heritability values for these traits (Table 1) . Marame et al. (2009a, b) , Nascimento et al. (2012b) and Santos et al. (2014) reported similar results in their studies with C. annuum species. For these traits, it is possible to obtain genetic gains with phenotypic selection in early segregating generations.
High seed yield per fruit is of great interest for the seed market, because even plants with few peppers can produce a satisfactory number of seeds. Marame et al. (2009a, b) , Nascimento et al. (2012b) and Santos et al. (2014) reported similar results in a biometric analysis of peppers (C. annuum) for PH. For DF L , contrasting results were reported by Rêgo et al. (2012a) in studies of heritability for early maturity in C. annuum.
For FYP, Rêgo et al. (2011) and Thakur et al. (2019) , evaluating C. baccatum and C. annuum respectively, reported high broad-sense heritability values, revealing little influence of the environment and highly contrasting parents. Conflicting results for FYP by Bento et al. (2016) with C. baccatum, who showed low values for broad-and narrow-sense heritability for this trait.
The effects of dominance prevailed for SW, LL and LW (Table 1) . These findings explain the high broad-sense heritability and low narrow-sense heritability values, revealing the difficulty in the selection of genes of interest in the early segregating generations (Table 1) . Santos et al. (2014) showed similar results for SW, and Stommel and Griesbach (2008) also report similar results for LW. This may be attributed to the fact that these authors worked with C. annuum species. For these traits, production of hybrids would be the best alternative to decrease the length and width of the leaves. When the effects due to dominance are predominant, the production of hybrids exploiting heterosis or heterobeltiosis is the best alternative for the breeding program. Environmental variance was responsible for the greater percentage of phenotypic variance for CW, FBH, CL, F R W, F R L, F R D, PT and DMC (Table 1) . The high value of environmental variance was reflected in broad-and narrow-sense heritability with lower values (Table 1) . According to Passos et al. (2010) , low heritability values indicate that the environment is exerting a strong influence on the phenotypic expression of the traits. For these traits, the selection of individuals based on the phenotype is inefficient due to little reliability of the genotype in passing on the desirable phenotype to the offspring. Conflicting data for CW were reported by Marame et al. (2009b) in studies on Capsicum annuum L. cv. annuum, and by Rêgo et al. (2011) on Capsicum baccatum. These authors showed higher values, above 70%, for broad-sense heritability. These findings may be explained by the use of more divergent material as parents.
Contrasting results were reported by Nascimento et al. (2012b) and Santos et al. (2014) , for FBH in studies of heritability in the ornamental pepper Capsicum annuum. These authors reported high broad-sense heritability values for the FBH trait. Plants with a small size and lower first bifurcation height, without the need for growth regulators, are desirable for ornamental plants (Rêgo et al. 2009 ). Thus, production of hybrids in this case aiming to decrease the FBH would be the best alternative. Nascimento et al. (2012b) described broad-sense heritability values of more than 60% for CL, in disagreement with the data found in this study. For these traits, one of the alternatives would be crossing more divergent individuals to increase genetic variance.
For fruit traits, several studies showed contrasting findings for heritability values regarding F R W and F R D. Pessoa et al. (2018) and Yunandra et al. (2018) , also in studies with Capsicum annuum, reported broad-sense heritability estimates above 70%. Rêgo et al. (2011) , working with C. baccatum, reported a broad-sense heritability estimate greater than 90% for this F R W. These differences in results can be explained by the fact that different parents with greater contrast for the trait were used. Also for F R L, Marame et al. (2009a, b) reported conflicting data in studies with C. annuum cv. annuum L., in which the authors found high broad-and narrow-sense heritability values. According to Rêgo et al. (2011) , fruitsize traits are negatively correlated with fruit yield per plant in ornamental peppers. Selecting high-yielding plants, we can obtain plants with smaller and less heavy peppers since the fruit yield per plant has high narrow-sense heritability.
Regarding PT and DMC, Bento et al. (2016) , in studies with Capsicum baccatum cv. Pendulum, observed low broad-and narrow-sense heritability values, corroborating those reported in the present study. In contrast, Santos et al. (2014) and Thakur et al. (2019) , in studies with Capsicum annuum, reported high broad sense heritability for PT values; and Rêgo et al. (2011) , also working with C. baccatum, found broad-sense heritability values higher than 81.7% for both traits. 
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Adequacy of models
The additive-dominance model explained only three variables: CW (81.7%), F R D (71.1%) and SYF (84.1%) (Table 3) . Santos et al. (2014) and Bento et al. (2016) reported the adequacy of the additive-dominant model controlling the CW and F R D traits, respectively. Significant values for all traits were found for m and d in the additive-dominant model, except for F R D. The dominant effects (h) were significant for all traits (Table 3) . Santos et al. (2014) , in studies with C. annuum, and Bento et al. (2016) , with C. baccatum, reported the adequacy of the additive-dominant model controlling the CW and F R D traits, respectively. According to Cruz and Regazzi (2001) , high R 2 estimates express the degree of similarity between the estimated and observed values, indicating the accuracy of the model adopted.
The CW trait showed greater contributions from the additive effects (d). Different results were reported for C. annuum (Marame et al. 2009a ), C. baccatum (Rego et al. 2009a ) and C. annuum (Santos et al. 2014 ) for this trait. Conversely, Rêgo et al. (2012b) found similar results for this trait. Based on values found in this study, it is possible to obtain superior homozygous genotypes through selection from early generations.
Dominant effects (h) contributed more to F R D and SYF (Table 3 ). The greater contributions of the dominance effects with positive values indicate that exploitation of hybrid vigor aiming to obtain fruit with greater fruit width and seed yield is the best alternative for breeding programs, for production of seeds for sale and for preservation in germplasm banks. Similar results were reported by Hasanuzzaman et al. (2012) , working with Capsicum annuum.
It is important to maintain harmony between plant architecture and fruit size, and fruit width should be proportional to plant height. For that reason, after production of hybrids, genotypes with the lowest values for fruit diameter should be selected and successively self-pollinated until obtaining homozygous lines with reduced values for this trait. Previous reports have shown that F R D can be governed by additive effects (Rêgo et al. 2009 , Yunandra et al. 2018 ) and also by non-additive effects (Hasanuzzaman et al. 2012 ). According to Hasanuzzaman et al. (2012) , these different results may be due to genetic differences of the parents and the different environments used.
The full model explained the traits of PH, FBH, SW, LL, LW, CL, DF L , F R W, F R L, PT, DMC, FYP and DF R (Table 4) , as shown by of the low estimates of R 2 (1.01% to 53.8%) (Table 4 ). Bnejdi et al. (2009) , in studies with a segregating generation of Capsicum annuum, also reported failure in the additive-dominant model; they believed that this failure was due to the interaction among the genes that regulate the traits involved. Dominance effects (h) and the epistatic dominance × dominance (l) effects most contributed to the traits of PH, FBH, SW, LL, LW, CL, DF L , F R W, F R L, PT, DMC, FYP and DF R (Table 4) . Marame et al. (2009a) and Anandhi and Abdul Khader (2011) reported similar results in studies with Capsicum for the traits of PH, FYP, F R L and F R W. The significance of the values for the dominance and dominance × dominance effects leads us to conclude that production of hybrids to decrease the magnitude of the traits would be the most efficient breeding strategy for development of new pepper cultivars. Because of gene interaction, selection in early generations might not be effective (Marame et al. 2009a ). Juhász et al. (2009) and Santos et al. (2014) also found epistatic effects in the agronomic traits of peppers.
For FYP, the dominance effects (h) and the epistatic additive × additive effects (i) were predominant (Table 3) , indicating the possibility of heterosis breeding, as well as reciprocal recurrent selection and biparental mating, followed by selection for desirable segregants in subsequent generations, as a strategy to improve the population. According to Valentini et al. (2011) , in autogamous plants such as peppers, high magnitudes of additive variance and the additive × additive interaction make it possible to obtain satisfactory genetic gains.
The DMC trait showed greater contributions from the additive × dominant genetic effect (Table 3) , hybrid vigor should be by exploiting heterobeltiosis to higher values for the trait, increasing significantly the paprika production (Lasmar et al. 2019 ).
CONCLUSION
Transgressive segregants were obtained for all the traits evaluated, except for F R W, F R L and PT; these traits are highly important for ornamental-pepper breeding programs that aim at producing new lines with the traits of interest.
The additive variance observed in the phenotypic variation found for the PH, FYP, DF L and DF R traits indicate that the selection of individuals in the F 2 generations through phenotypic selection must have been efficient and provided genetic gains.
The epistatic effects did not affect control of CW, F R D and SYF, only additive and dominant effects. Therefore, superior individuals can be selected in segregating generations or hybridization can be practiced. 
